The white rot fungus Phanerochaete chrysosporium extensively degraded the endocrine disruptor chemical nonylphenol (NP; 100% of 100 ppm) in both nutrient-limited cultures and nutrient-sufficient cultures. The P450 enzyme inhibitor piperonyl butoxide caused significant inhibition (ϳ75%) of the degradation activity in nutrient-rich malt extract (ME) cultures but no inhibition in defined low-nitrogen (LN) cultures, indicating an essential role of P450 monooxygenase(s) in NP degradation under nutrient-rich conditions. A genome-wide analysis using our custom-designed P450 microarray revealed significant induction of multiple P450 monooxygenase genes by NP: 18 genes were induced (2-to 195-fold) under nutrient-rich conditions, 17 genes were induced (2-to 6-fold) in LN cultures, and 3 were induced under both nutrient-rich and LN conditions. The P450 genes Pff 311b (corresponding to protein identification number [ID] 5852) and Pff 4a (protein ID 5001) showed extraordinarily high levels of induction (195-and 167-fold, respectively) in ME cultures. The P450 oxidoreductase (POR), glutathione S-transferase (gst), and cellulose metabolism genes were also induced in ME cultures. In contrast, certain metabolic genes, such as five of the peroxidase genes, showed partial downregulation by NP. This study provides the first evidence for the involvement of P450 enzymes in NP degradation by a white rot fungus and the first genome-wide identification of specific P450 genes responsive to an environmentally significant toxicant.
Endocrine-disrupting chemicals (EDCs) are widely distributed environmental contaminants. Surfactants are among the most commonly found environmental EDCs because of their extensive applications, which range from use as industrial chemicals to inclusion in common consumer products. In the United States, Japan, and Western Europe, surfactants are employed most frequently as detergents and as agents in textile, fiber, cosmetics, and pharmaceutical manufacturing. Nearly as common are uses in mining and flotation and in petroleum, paint, lacquer, plastic manufacturing, food, pulp and paper, agrochemical, and leather and fur industries (21) .
Alkylphenol ethoxylates are an important class of surfactants. Biodegradation of alkylphenol ethoxylates results in shortening of the ethoxylate chains, ultimately leading to the generation of alkylphenols, particularly nonyl-and octylphenols. Nonylphenol (NP) is the commercially predominant alkylphenol, representing nearly 85% of the total alkylphenol market. NP is a hydrophobic compound used primarily in the chemical manufacturing industry and exists as multiple congeners (11) . Several congeners are relatively resistant to biodegradation and are therefore frequently detected in wastewater treatment plant effluents and rivers (15, 20, 25, 31, 48) . In previous studies, 4-n-NP has been used as a test compound in risk assessment and biodegradation analyses (16, 23, 39) . However, industrially generated technical-grade NP, consisting of more than 30 different isomers, is less biodegradable (14) . This characteristic is due to the fact that more than 85% of these isomers possess a quaternary carbon atom in the branched alkyl chain, making them chemical contaminants of high environmental significance (28, 38, 40) . Investigation of the susceptibility of technical-grade NP to biodegradation and assessment of health risks from this agent in in vitro and in vivo biological model systems are therefore warranted.
NP is known to bind to the estrogen receptor, thereby mimicking the effects of endogenous hormones, and has been shown to induce synthesis of vitellogenin and inhibit testicular growth in rainbow trout (18, 37, 41) . This observation has led to increased interest in the biodegradation and elimination of this class of xenobiotic surfactants from the environment.
Certain microorganisms belonging to the bacterial and yeast groups have the ability to degrade NP (4, 5, 38, 39) . Recent studies have shown the abilities of selected fungi, including white rot fungi, to degrade this chemical, albeit to various extents (33) . Extracellular oxidases (laccases) have been implicated in the fungal oxidation of NP (2, 19) .
The model white rot fungus Phanerochaete chrysosporium is known for its ability to oxidize a wide variety of environmental toxicants. This unique characteristic has been attributed largely to its extracellular peroxidase system. Past studies have provided ample evidence, however, that environmental toxicants can be oxidized or biodegraded even in the absence of peroxidases under nutrient-sufficient (nonligninolytic) conditions (26, 44, 46) , suggesting a primary role for other oxidative enzyme systems such as P450 monooxygenases.
P. chrysosporium has recently been shown to possess an extensive P450 enzyme system, with ϳ150 P450 monooxygenase genes in its genome (8, 30) . Although there have been isolated reports indicating the involvement of P450 monooxygenation in the oxidation of xenobiotic chemicals in this organism, limited information on the identification of specific P450 genes/enzymes and related phase I and II metabolic genes important in such oxidations is available.
It is well known that in other biological systems, inducers of P450 monooxygenases can also be substrates for oxidation by these enzymes (1) . These considerations led us to study P450 genes inducible by NP, with the aim of identifying the putative P450 catalyst(s) involved in NP degradation. The results led to the first direct evidence for the involvement of fungal P450 enzymes in the degradation of the EDC NP and functional genomic identification of specific P450 monooxygenases responsive to an environmentally significant contaminant.
MATERIALS AND METHODS
Strain and culture conditions. The P. chrysosporium strain used in this study, BKM-F-1767 (ATCC 24725), was maintained on malt extract (ME) agar. Unless otherwise stated, the fungus was grown at 37°C in ME broth, defined lownitrogen (LN) medium (2.4 mM N as ammonium tartrate, 100 g/liter glucose), or defined high-nitrogen (HN) medium (24 mM N as ammonium tartrate, 100 g/liter glucose) as described elsewhere (6) .
Inoculum preparation. The fungal inoculum was prepared as described previously (43) . Briefly, an aqueous suspension of P. chrysosporium conidia from 5-day-old cultures on ME agar plates incubated at 37°C was prepared and adjusted to an optical density at 600 nm of 15 (equivalent to ϳ10 8 spores/ml). Fifty milliliters of the respective sterile growth medium (without Tween 80) in a wide-mouth 2.8-liter Fernbach flask was inoculated with 1 ml of the conidial suspension (final optical density at 600 nm of 0.3), and the flask was incubated at 37°C for 48 h under stationary conditions to allow the formation of a mycelial mat. The final inoculum was obtained by blending the mycelial mat aseptically into an equivalent volume (50 ml) of the respective sterile medium by using a handheld blender (Ultra-Turrax; Tekmar Co.) for 5 min (10 intermittent pulses of 30 s each) on ice. A uniform inoculum size (10%, vol/vol) was used for all cultures.
Biodegradation experiments. P. chrysosporium was grown in 50-ml cultures in LN, HN, or ME medium with shaking (180 rpm) at 37°C in rubber-stoppered 125-ml conical flasks. After 24 h of incubation, NP (technical grade [catalog no. 29085-8; Sigma-Aldrich Corp.]) was added to the cultures to a final concentration of 100 ppm and the incubation was continued for an additional 72 h. A parallel set of identical cultures was supplemented simultaneously with the P450 enzyme inhibitor piperonyl butoxide (PB; in methanol) at various final concentrations (100, 500, and 1,000 M). Each treatment was conducted in triplicate. The cultures were regularly flushed with oxygen for 1 min at 24-h intervals. Two types of controls with the same amounts of NP used in the experimental cultures were prepared: (i) an uninoculated control for the estimation of the initial level of NP and the degree of any abiotic degradation was prepared using the same medium (without an inoculum) used for the experimental cultures, and (ii) a chemically killed control for the estimation of the amount of added NP adsorbed to mycelia was prepared using cultures pregrown under conditions identical to those for the experimental cultures and then treated with 10 mM sodium azide for 2 h. Following incubation, the triplicate fungal cultures/controls for each treatment were separately extracted with methylene chloride (3ϫ) and the extracts were dried on sodium sulfate and resuspended in acetonitrile by standard methods as described previously (43) . The samples were filtered through 0.45-m glass fiber filters and analyzed using a Prostar 210/215 high-performance liquid chromatography (HPLC) system (Varian, Inc.) equipped with a C 18 reverse-phase column and a UV detector. HPLC separation was achieved using a 20-min linear gradient of 50% acetonitrile in water to 100% acetonitrile as the mobile phase at a flow rate of 1 ml/min. NP was detected at 277 nm and quantified based on a standard curve generated using known concentrations of this compound.
Gene induction conditions. Four independent cultures (100 ml each) were grown in LN or ME medium in 250-ml flasks, as described above, with continuous shaking (180 rpm) and regular oxygenation (1 min for each flask) at 24-h intervals. Briefly, the ME cultures were grown for 24 h prior to induction by the addition of NP to a final concentration of 100 ppm, and the cultures were harvested 24 h postinduction. The LN cultures were grown for 96 h to the secondary metabolic phase (as indicated by browning), after which NP was added and the cultures were incubated for an additional 24 h before harvesting. Thus, the induction time was 24 h under either culture condition. The harvested mycelia were snap-frozen and maintained at Ϫ80°C prior to the extraction of RNA.
RNA extraction. Total RNA was extracted from the frozen mycelia by using TRI reagent (Molecular Research Center) per the manufacturer's protocol, modified as described previously (45) . The total RNA concentration was determined using an ND-1000 UV-visible spectrophotometer (NanoDrop Technologies), and the quality of RNA was checked using an Agilent 2100 bioanalyzer.
Microarray setup and data acquisition. A custom-designed oligonucleotide microarray chip for P. chrysosporium recently developed in our laboratory was used (7, 45) . Microarray slides were printed using 70-mer gene-specific oligonucleotides at the University of Cincinnati Genomics and Microarray Laboratory. The array consisted of a total of 250 genes, representing all 150 known P450 genes and 100 additional genes (including control genes and other metabolismrelated genes) (7) . The original gene names assigned in our earlier report (7) A detailed list of these genes is provided in our earlier report (7) . Twenty-two of the P450 genes spotted were each represented by two separate oligonucleotides (instead of one oligonucleotide per gene) in order to verify the hybridization specificity of the chosen oligonucleotide probes. All 250 genes were spotted twice onto each microarray slide.
Differential microarray analyses of the experimental (NP-treated) cultures versus the control (untreated) cultures were performed using four biological replicates for each nutrient condition. The two nutrient conditions (those with ME and LN) were thus investigated independently. RNA samples from two of the four replicates for a given nutrient condition were labeled with a monofunctional fluorescent dye, Cy3 dye (green) for NP-treated cultures and Cy5 dye (red) for untreated controls. The remaining two replicates were labeled with the opposite dye (i.e., Cy3 for control cultures and Cy5 for experimental cultures). Following hybridization, the slides were scanned using both Cy5 (635-nm) and Cy3 (532-nm) fluorescence channels on the Axon 4000B scanner (Molecular Devices Corporation). The photomultiplier tube settings for Cy3 and Cy5 were optimized to obtain the same amounts of red and green signals, resulting in an overall pixel ratio of 1.0. The raw spot intensities (2 spots ϫ 4 slides ϭ 8 spots per gene) were obtained using GenePix Pro 5.4 software.
Microarray data analysis. Data analysis was performed as described in our earlier report (7) . Briefly, the data were normalized for the background and array-specific local regression was performed using the SAS statistical software package (SAS Institute Inc.). This was followed by the identification of the differentially expressed genes by fitting gene-specific mixed linear models (42) . This model comes close to a three-way analysis of variance except that one of the variables (the array) is treated as a random effect. A multiple hypothesis testing adjustment of false-discovery rates (FDRs) was performed. An arbitrary cutoff of a twofold change in the transcript level was used to identify the differentially expressed genes. Expression profiles were clustered using average-linkage-based hierarchical clustering (10) .
Real-time qRT-PCR analysis. Total RNA (50 ng) was used for performing the real-time quantitative reverse transcription-PCR (qRT-PCR) analysis. Twelve genes, all of which showed differential regulation patterns in treated and untreated cultures under either or both of the nutrient conditions, were selected for this analysis. The four replicates each of NP-treated and untreated RNA samples were pooled separately, and each pool was subjected to qRT-PCR analysis in duplicate. The reaction was carried out using the Brilliant SYBR green QRT-PCR master mix kit (Stratagene) in the ABI Prism 9600 HT system (Applied Biosystems). The RT step of the reaction was carried out at 50°C for 30 min, followed by the PCR step: activation of the SureStart Taq DNA polymerase at 90°C for 10 min and then 40 cycles of amplification (denaturation at 95°C for VOL. 75, 2009 FUNGAL P450s IN NONYLPHENOL BIODEGRADATION 5571 30 s, annealing at 55°C for 1 min, and extension at 72°C for 30 s). The genespecific primers used in this study are listed in Table 1 . The level of induction was calculated as follows. The difference between the threshold cycle (C T ) value for the test gene and that for the housekeeping gene gpd was calculated and used as the normalized C T value. The normalized C T value for the untreated control was then subtracted from the normalized C T value for the NP-treated sample to obtain the ⌬C T value. The amount of change (n-fold) was calculated using the following formula: change ϭ 2
⌬CT
.
RESULTS AND DISCUSSION
Involvement of P450 monooxygenase(s) in NP degradation. HPLC analysis showed that NP at a concentration of 100 ppm was degraded completely in ME and LN cultures ( The analysis of degradation in ME cultures indicated that this activity is mediated by enzymes other than the ligninolytic peroxidases. This pattern occurs because the expression of the peroxidases is suppressed under high-nutrient conditions, such as those in ME cultures (43) . The observed significant abrogation of the degradation activity (by ϳ75%) by the added eukaryotic P450 enzyme inhibitor PB (Fig. 1A) suggested that a cytochrome P450 enzyme(s) plays a key oxidizing role in the NP degradation process in P. chrysosporium. The abrogation activity of PB was concentration dependent (Fig. 1A) , further suggesting that P450 enzyme activity is the underlying basis of NP degradation in this organism.
Under the defined LN conditions, the results were quite different. Unlike nutrient-rich ME cultures, LN cultures showed no effect of PB (at even the highest tested concentration of 1,000 M) on the overall degradation of NP (Fig. 1B) . This finding suggested either that the P450 enzymes are not involved in NP oxidation under LN conditions or that the P450 enzymes are readily replaceable by the predominant coexpressed peroxidases, which are the primary oxidizing enzymes involved in various degradation reactions under nutrient-limited conditions. Alternatively, PB may be labile in the LN cultures due to peroxidase and/or other ligninolytic enzyme activities and thus not available as a P450 inhibitor under these conditions. Furthermore, the possibility that other oxidative enzymes are involved under these conditions cannot be excluded.
The fact that we observed no detectable degradation of NP under the defined HN conditions (Fig. 1C) , which are known to completely suppress peroxidase expression, lends credence to the hypothesis that extracellular peroxidases are involved in NP degradation in LN cultures.
It was interesting that there were major differences in the NP degradation patterns in HN and ME media, despite the fact that both these media may be considered to be nutrient rich. One possible explanation may be the compositional differences between the two media. HN medium is a synthetic medium containing defined amounts of the nutrients, especially inorganic nitrogen (24 mM) and glucose (1%). ME medium is a complex nutrient medium containing peptone and ME as the organic sources of nitrogen and carbon (maltose) and other nutrients in addition to the added carbon (2% glucose). It can therefore be speculated that the different nitrogen levels (24 mM in HN medium compared to 2.4 mM in LN medium and an estimated 8 mM in ME medium), along with the different types of nitrogen and carbon sources used in these nutrient media, may provide an explanation for the observed degradation patterns, possibly involving the differential P450 expression patterns. In contrast to the P450 genes, the peroxidase genes are known to be distinctly regulated by the nitrogen and/or carbon level (22, 32) . NP-inducible P450 monooxygenase genes and related phase I and phase II metabolic genes. Our recent studies had shown that P450 genes in P. chrysosporium are differentially regulated under the two biodegradation-relevant nutrient conditions (those with limited and sufficient nutrients) and in response to several xenobiotic chemicals (6, 7, 9, 36, 45, 47) . However, genome-wide analysis to identify all P450 monooxygenases responsive to a given xenobiotic toxicant in this system has not been reported yet.
PB exerted differential effects on NP degradation under different nutrient (ME versus LN) conditions, suggesting that the induction of NP-oxidizing P450 enzymes is tightly regulated by the nutrient status. We therefore used the microarray approach to identify the specific P450 genes involved in the NP oxidation process under the two nutrient conditions, one (the presence of ME) under which the P450 enzymes seemed to play a clear role and the other (LN) under which the P450 enzymes seemed to be unimportant or dispensable (replaceable by peroxidases) in the NP oxidation process.
All genes that showed differential patterns of regulation by NP under either nutrient condition (in LN or ME medium) are listed in Table 2 with their corresponding Joint Genome Institute (JGI) gene models (version 1 and version 2), as well as the CYP nomenclature in the case of P450 monooxygenase genes. Twelve genes were selected for confirmation using qRT-PCR. Except for pc-2, these genes were either induced or repressed by NP under only one of the two nutrient conditions. Overall, the induction patterns in the microarray analysis corroborated those observed in the qRT-PCR analysis (Table 3) . Nevertheless, qRT-PCR yielded relatively higher change (n-fold) values, especially for the highly inducible genes, possibly because of the spot saturation effect during microarray hybridization.
Interestingly, the microarray data showed that NP differentially induced several P450 genes (cutoff ϭ twofold) under the two nutrient conditions: 18 genes in ME cultures and 17 genes in LN cultures (Fig. 2) . The level of induction in ME cultures varied, ranging from a mean Ϯ standard error of 2.20-Ϯ 0.07-fold (P ϭ
Of the NP-induced P450 genes, 15 genes were specifically induced (2.16-to 194.94-fold) in ME cultures whereas 14 genes were specifically induced, albeit to a much lower extent (2.01-to 6.12-fold), in LN cultures (Fig. 3) . This finding suggests that P450 genes in P. chrysosporium are induced by NP in a nutrient-specific manner. Nevertheless, three of the NP-induced genes were common to the two culture conditions, although their induction levels differed significantly between the two conditions (Fig. 3) . The common induction of these genes (pc-2 [protein ID 129114], Pff 169f [protein ID 770], and Pff 7 [protein ID 129675]) implies that their induction is compound (NP) specific and that they may be involved in NP degradation under either nutrient condition. Of the three commonly induced genes, pc-2, which belongs to the CYP63 family, has been shown to be induced by alkanes, polycyclic aromatic hydrocarbons, and aromatics with alkyl substitutions (6, 36, 47) . No such transcriptional induction information is yet available for the other two genes (Pff 169f and Pff 7). However, considering that the P450 enzyme inhibitor did not abrogate the degradation activity in LN cultures, their involvement under LN conditions is not essential for the degradation process.
An important aspect of this comparative profiling is that two genes induced in ME cultures only, namely, Pff 311b (protein ID 5852) and Pff 4a (protein ID 5001), showed extraordinarily high levels of induction (ϳ195-and 167-fold, respectively). Both of these genes belong to the CYP617/CYP547 clan of the P. chrysosporium P450ome (8) . In order to delineate the functional and evolutionary relationships of the P450 enzymes encoded by these two genes, we analyzed the protein sequences against those in the NCBI protein database by using BLAST. These proteins showed relatedness to the members of the CYP4F family of cytochrome P450 proteins, which are known to catalyze the hydroxylation of fatty acids in higher eukaryotic systems (3, 34) . This observation suggested further that these P450s might be involved primarily in the degradation of NP, which has a chemical substructure (a long alkyl side chain) that resembles the aliphatic backbones of the fatty acids and other related aliphatic compounds. Interestingly, the dramatic differences between the levels of these two P450s in ME versus LN cultures are consistent with the observed differential effects of the P450 enzyme inhibitor on the NP degradation activities in ME and LN cultures (Fig. 1 ).
Our previous analysis had shown that several cytochrome P450 genes are linked tandem as clusters in the P. chrysosporium genome (7). The P450 genes that belong to the tandem gene clusters in the genome showed independent (nonassortative) regulation in ME cultures (7) . (Table 2) . Interestingly, members of these two gene clusters belong to the CYP505 family of cytochrome P450 genes. The observed divergence in the induction patterns of the majority of the NPinduced P450 genes (except Pff 361a, Pff 361b, Pff 242b, and Pff 242c) under the two nutrient conditions tested, despite the genes' being linked tandem and structurally related (encoding proteins belonging to the same family), indicates the possible evolutionary diversification that these genes have undergone in order to acquire diverse functions. Evidence for the role of P450 enzymes in the degradation of NP in ME cultures was further substantiated by the following observation: the P450 oxidoreductase gene (POR; protein ID 11093) encoding one of the two P450 electron transfer proteins (POR and cytochrome b 5 reductase [protein ID 128228]) and the phase II metabolic enzyme glutathione S-transferase gene (gst; protein ID 503) were coinduced (3.82-Ϯ 0.073-fold [P ϭ 0.00001; FDR ϭ 0.0015] and 21.33-Ϯ 0.092-fold [P Ͻ 0.00000; FDR Ͻ 0.00000], respectively) in the presence of NP in ME cultures (see Fig. 5A ). POR is required for the transfer of electrons from NADPH to cytochrome P450 monooxygenases during the P450 catalytic cycle, leading to substrate hydroxylation. In contrast, glutathione S-transferase is a phase II xenobiotic metabolizing enzyme involved in the further modification of the hydroxylated products generated by the P450 monooxygenase activity. Unlike that in ME cultures, the change in the expression of gst (protein ID 503) in LN cultures in response to NP treatment did not exceed the cutoff (twofold).
In contrast to those upregulated, 8 P450 genes were downregulated (2.15-to 13.36-fold) in ME cultures and 10 P450 genes were downregulated (2.02-to 4.15-fold) in LN cultures in response to NP (data not shown). The observed downregulation may be due partly to the general toxicity of NP to the fungus, as reported earlier by Kollmann et al. (24), or to the b Gene ID assigned in JGI genome annotation version 1. Numbers in parentheses represent the original (prerevision) JGI gene models of the draft genome as used by Doddapaneni and Yadav (7); these gene models were subsequently replaced by the revised JGI version 1 gene models. rerouting of the fungal protein synthesis machinery for de novo synthesis of the induced P450s. Table 2 lists P450 genes that showed differential induction patterns in the presence of NP under the tested nutrient-rich (ME) versus nutrient-limited (LN) conditions (this study), along with the respective information on nitrogen regulation under normal conditions (in HN and LN media without NP treatment) from our previous study (7) . Seven of the 18 P450 genes that showed induction in NP-treated ME cultures in this study also showed induction in untreated HN cultures in our previous study (7) ( Table 2 ). Two of the 17 genes that were induced in NP-treated LN cultures in this study likewise showed induction in the untreated LN cultures in our previous study (7) ( Table 2 ). In contrast, 1 of the 18 genes that showed induction in NP-treated ME cultures in this study showed induction in untreated LN cultures in the earlier study and 9 of the 17 genes induced in NP-treated LN cultures (this study) were induced in untreated HN cultures (7) ( Table 2 ). These observations collectively indicate that there is a direct regulatory (inducing/repressing) effect of the treatment chemical (NP) on the genes, in addition to the effect of the nutrient conditions. The data from these two studies (present and previous) also point to the fact that even though both HN and ME media may be considered to provide high-nutrient conditions, these media support different P450 induction patterns, possibly due to the differences in their carbon and nitrogen levels and chemical natures (organic versus inorganic). This result is consistent with the pattern differences observed for the NP degradation activity in the two media. Effects of NP on peroxidase genes. Hybridization signals from LiP genes in NP-treated LN cultures varied from those in the untreated cultures (Fig. 4) Among the MnP genes (Fig. 4) , mnp1 (protein ID 140708) and mnp3 (protein ID 878) showed considerable hybridization signals in LN cultures. mnp3 showed no significant change in expression, whereas mnp1 was downregulated (5.51-Ϯ 0.31-fold [P ϭ 0.0004; FDR ϭ 0.0064]) by NP. On the other hand, none of the MnP genes spotted showed considerable hybridization signals in ME cultures; mnp3 showed a low hybridization signal representing a change of less than twofold (data not shown).
As expected, the expression of the peroxidases (LiPs and   FIG. 3 . Comparative profiling of P. chrysosporium P450 genes inducible by NP under different nutrient conditions. Only data for those P450 genes that showed greater than twofold induction under either nutrient condition (in LN or ME medium) are included. Genes represented in the overlapping center region are those that showed induction under both the nutrient conditions. MnPs) was detected only in LN cultures. Four of the eight LiP genes and one of the three MnP genes (mnp1) were expressed at higher levels in untreated than in NP-treated LN cultures. This finding indicated that treatment with NP at 100 ppm directly or indirectly inhibits the expression of some of the peroxidase genes. Furthermore, the expression of another ligninolytic condition-specific gene, that for glyoxal oxidase (glx1; protein ID 11038), was downregulated 10.44-Ϯ 0.48-fold (P ϭ 0.0006; FDR ϭ 0.0083) in the NP-treated LN cultures, consistent with the repression of peroxidase genes, the major genes specific to the ligninolytic conditions. Overall, lower levels of expression of peroxidase genes and other genes specific to ligninolytic conditions in NP-treated than in untreated LN cultures may be due to the suppressing effect of NP on the common transcription network for these genes. Nevertheless, the peroxidases in the NP-treated LN cultures seemed to be enough to catalyze NP oxidation without the need for the involvement of P450 monooxygenases. However, the involvement of other oxidative enzymes in NP oxidation in LN cultures cannot be ruled out. Despite a detectable inhibitory effect on some components of the ligninolytic metabolic machinery, NP addition did not seem to affect the overall NP-degrading potential of the fungus, as indicated by comparable percentages of NP degradation in LN and ME cultures. This finding reinforces the idea of a contributory but replaceable/dispensable role for P450s under LN conditions. Effects of NP on other metabolic and regulatory genes. The expression of the two tested housekeeping genes gpd (protein ID 132198) and ubq (protein ID 10733) remained unchanged (differences in transcript levels were within the cutoff range of Ϯ2.00-fold) under the ME and LN degradation conditions (Table 3) .
(i) Effects in ME cultures. (Fig. 5A) , indicating coregulation of the alternate carbon source-utilizing enzymes during NP degradation. This observation is consistent with the statistically significant reduction (2.90-Ϯ 0.000-fold; P ϭ 0.00019; FDR ϭ 0.0014) in the expression of the catabolite repressor protein encoded by creA (protein ID 5145) in the presence of NP under these growth conditions; creA is a known suppressor of xylanases and cellulases in the cellulolytic fungus Trichoderma reesei (17, 29) . While the physiological relevance of the induction of these hydrolytic enzymes is not clear, it may be assumed that NP exposure prepares the fungal system for assimilating alternate carbon sources to sustain the nutrient environment required for P450-mediated biodegradation.
Two transcription factor genes, namely, TEC1 and YAP2, were upregulated severalfold by NP in ME cultures (Fig. 5A) . TEC1 (protein ID 126075), a homolog of the gene involved in Ty1 and Ty1-mediated gene expression, is involved in pseudohyphal development in Saccharomyces cerevisiae, and YAP2 (protein ID 126075), a homolog of the AP-1-like stressinduced transcriptional activator gene, is involved in oxidativestress responses (12, 35) . The NP induction of TEC1 and YAP2 genes suggests a role in the survival of the fungus under the NP biodegradation conditions through the enhancement of hyphal length, thereby allowing more access to the nutrients and combating the increased oxidative stress in the presence of NP. The stress-responsive genes osm1 (protein ID 135546) and pbs2 (protein ID 140816) were downregulated during NP degradation under these growth conditions (Fig. 5A) .
(ii) Effects in LN cultures. The P. chrysosporium homolog of the fungal stress-responsive gene for uric acid xanthine permease (uap; protein ID 121582) showed significantly lower expression in the presence of NP than in the absence of NP under LN conditions (Fig. 5B ). This finding is in contrast to the observed upregulation of uap in Aspergillus nidulans and P. chrysosporium in response to other forms of chemical stress (13, 27) . This result may be a consequence of the general FIG. 5 . Changes in the expression of transcription factor genes and other signal transduction genes responsive to NP in P. chrysosporium grown under different nutrient conditions as revealed by microarray analysis. Bars represent the average changes (n-fold) in expression of only those genes that showed changes greater than the cutoff of Ϯ2.0-fold. Asterisks indicate the statistically significant values (P Յ 0.05; FDR Ͻ 0.1). Four biological replicates were used for each nutrient condition. Error bars represent the standard errors calculated based on change (n-fold) values for eight spots (those on four slides with two spots per slide) for each gene. (Fig. 5B) . In contrast, the cellulose hydrolysis genes did not seem to be significantly regulated under these culture conditions. An important aspect of this study was the use of technicalgrade NP, a formulation containing multiple congeners, as opposed to the model compound 4-n-NP, which consists of a single congener. Use of the technical grade was prompted by the fact that such a mixture of congeners is more difficult to degrade than a single congener, thereby making technicalgrade NP a more environmentally representative form of this chemical. In this context, it can be assumed that individual congeners of NP would have induction potentials different from those of the mixture of congeners used in this study. Consequently, the observed profile of P450 gene induction by technical-grade NP is a net result of the inductions by the individual NP congeners present therein and is more representative of the natural scenario occurring in the environment.
In conclusion, this study has demonstrated a role for P450 monooxygenases in the biodegradation of NP by P. chrysosporium and has led to the identification of multiple P450 monooxygenase genes specifically induced under NP biodegradation conditions. The NP-inducible P450 monooxygenases of P. chrysosporium are differentially regulated by nutrient conditions, however. The identification of the specific NP-responsive genes in this study would allow their heterologous expression and use as tools to elucidate the catalytic activities and substrate specificities of the P450 biocatalysts for NP degradation. This study is also the first to report genome-wide induction of the P450 monooxygenase genes in response to a specific xenobiotic toxicant class in white rot fungi. Our future work will include transcriptional profiling for the identification of P450 genes that are responsive to the individual congeners of NP. Such xenobiotic class/congener-specific information will help in engineering versions of the intact fungus with increased activities for the degradation of specific environmental pollutants.
